Acute lung injury (ALI) was defined recently as a syndrome of inflammation and increased permeability of the lungs that is associated with clinical, radiologic, and physiologic abnormalities that can not be explained by left atrial hypertension. ALI has the same clinical spectrum, although in a milder form, as acute respiratory distress syndrome (ARDS). The risk factors, incidence, and prognosis of ALI are described based on the medical literature and data collected at Keio University Hospital. We estimate that 20,000 to 40,000 cases of ALI, half of which also have ARDS, occur annually in Japan. Despite the new diagnostic criteria, the clinical entity of ALI remains to be clarified both physiologically and biochemically because of the lack of direct diagnostic methods. I briefly review the central mediator(s) and their role in the inflammatory cascade of ALI. Experimental studies and pharmacological interventions from our laboratory are also described. (Keio J Med 45 (3): 131-139, September 1996) 
Introduction
The term "acute lung injury (ALI)" has been used mainly in the research arena to refer to an acute change in function and structure of the lungs, leading to hypo xemia and permeability edema of nonspecific etiologies. The term covers many experimental lung conditions induced by a variety of stimuli, such as bacterial lipopoly saccharide, cytokines, and other tissue damaging sub stances. ALI is now accepted as a general term to represent a disease process clinically observed in the lungs of patients with acute respiratory distress syndrome (ARDS). 1 The European American Consensus Con ference on ARDS in 1994 defined ALI as a clinical syndrome which shares the pathophysiology of ARDS. 2 The Conference concluded that much more needs to be investigated about the mechanisms and treatments of this fatal disorder, although an enormous amount of knowledge about ALI and ARDS has been accumulated from both clinical and experimental works, during the 25 years since Ashbaugh and colleagues formulated the original definition of ARDS. 3 In the first part of this review, I describe the current concept, risk factors, incidence and prognosis of ALI. I then describe the pathophysiology and pathogenesis of ALI based mainly on the observation of patients with ALI at Keio Univer sity Hospital and the results of our experimental studies.
Clinical Concept
Definition of ALI and ARDS
The basic concept of ARDS is still based on Ashbaugh's criteria; 1) an appropriate risk factor, 2) acute onset, 3) refractory hypoxemia, 4) loss of lung compliance, 5) diffuse infiltration on chest X-ray, 6) previously normal lungs, and 7) no evidence of heart failure.3 These signs and symptoms are believed to be due to changes in permeability of the pulmonary microvasculature where major insults occur. The post-mortem finding is non specific diffuse alveolar damage, featuring alveolar edema, cellular infiltration and the presence of hyaline mem brane formation. The Consensus Conference2 defined ALI and ARDS as syndromes of inflammation and in creased permeability associated with a constellation of clinical, radiologic, and physiologic abnormalities that 
Risk factors
Many diseases and clinical situations are considered to be risk factors for ALI. Risk factors that cause direct injury to the lungs are gastric aspiration, toxic gas inha lation, fat embolism syndrome, near-drowning, lung contusion, and diffuse pulmonary infections such as influ enza pneumonia, pneumocystis carinii pneumonia, and miliary tuberculosis. Risk factors for indirect injury to the lungs are sepsis syndrome, shock, multiple trauma, burn, acute pancreatitis, disseminated intravascular co agulation, hypertransfusion, as well as cardiopulmonary bypass and upper abdominal surgery. The systemic in fl ammatory response syndrome (SIRS) is a recently pro posed clinical syndrome describing the biologic responses to infection and other inflammatory insults.4 Although a clinical progression from SIRS to ALI and ARDS can be suspected, the reported incidence of ARDS among the patients with SIRS remains 2-6%.5 The incidence of ARDS among patients with sepsis syndrome ranges 25 42%.2 It seems that the criteria for SIRS were so liberal as to include a large number of patients who would be at significant risk for ARDS. Table 2 shows the risk factors in 64 patients with ALI and ARDS at Keio University Hospital from January 1990 to March 1995.6-8 In our series, septic syndrome was the most common risk factor and the leading cause of death in patients with ALI and ARDS, as indicated by others reported. 9 The abdomen was usually the source when sepsis syndrome preceded the ARDS, but there was usually a pulmonary source when sepsis syndrome oc (4) (5) (6) curred after the onset of ARDS.9 Our experience also suggested that pulmonary infection was both an import ant risk factor and a late complication of ALI.6 Other risk factors noted in our institution were gastric aspir ation, neurogenic pulmonary edema induced by cerebro vascular accident, and ALI induced by drugs. A significant number of cases (10 cases, 15.6%) had undetermined etiologies in our series, but some were suspected to be pulmonary infections with unknown causative agents.
Incidence
The exact incidence of either ALI or ARDS is un known. The figures for ALI would be greater than those for ARDS, because ALI includes ARDS in its severe form. To date, no data indicating the relative incidence of ALI as compared with that of ARDS. In the United States, the National Heart and Lung Institute estimated that up to 150,000 cases of ARDS occur annually.10 Extrapolation of the US data to Japan suggests approxi mately 60,000-80,000 cases of ARDS occur each year, although there are no data to support these figures. The incidence reported in the US has been challenged, and it may be an overestimation. 11, 12 In the United Kingdom, for example, annual incidence predicted was to be 0.005/ 1000, where as the incidence in the US would correspond to 0.6/1000.12 The differences in the reported incidence of ARDS reflect the various criteria used for making the diagnosis. Based on the Consensus Conference criteria,2
we found 43 patients with ARDS seen at Keio University Hospital from April 1992 to March 1995. From this survey we roughly estimated the annual incidence of ARDS in Japan to be 10,000-20,000
cases; this figure agreed with the estimates from a symposium on ALI held at the annual conference of Japan Society of Chest Diseases. 4 The symposium also agreed that the incidence of ALI might be about 20,000 to 40,000 cases a year in Japan.
Prognosis
The fatality rate associated with ARDS has remained generally 50-60% since the original report in 1967. The fatality rates are even higher in patients over age 60 years, those with sepsis syndrome, and those with mul tiple organ failure. 13 The published fatality rates of ARDS, however, differ from 10% in patients with fat embolism to 90% with sepsis syndrome. Again, variation among these figures is due to the heterogeneity of underlying diseases, lack of generally accepted criteria for ARDS, and the wide variability in the mode of therapy. The fatality rate was 56% in our series of 64 patients with ARDS induced by various risk factors (Table 2 ). Re cently, Milberg et al14 reported a significant decrease in fatality rates from 50% in 1990 to 36% in 1993 in 918 patients with ARDS, while the fatality rates remained unchanged at around 60% from 1983 to 1989. Even in sepsis patients, who comprised 37% of the subjects, the fatality rates declined steadily from 67% in 1990 to 40% in 1993. The decrease in the fatality rates occurred largely in patients younger than age 60 years and in those with sepsis syndrome at risk for ARDS. The extent to which experimental therapies or other changes in treat ment contributed to the decline in the fatality rates could not be determined. As for the fatality rate of ALI, no data has yet been determined. The measurement of extravascular lung water has limited clinical application, because it has recently become clear that the measurement, although it may be accurate and reproducible, is rather insensitive for the early de tection of acute lung injury. 15 Many methods have been introduced. Some were theoretically sound, but none are actually used. 16 An important example is the thermo dilution measurement of lung water content, which has been relegated to a minor role, except in some research projects. The method currently used is chest x-ray, which is simple and noninvasive but not quantitative.
There is a need to develop to measure the change in solute flux across the alveolar-capillary barrier so that permeability can be assessed. Since the alveolar-capillary septum consists of both epithelial and endothelial mem branes, different methods have been developed to assess these barrier functions.17 One approach is to estimate epithelial leakage using 99mTc-labeled diethylenetriamine pentaacetate (DTPA) administered as an aerosol via the airway. The clearance of this small water-soluble mol ecule (492Da) from the lungs is observed externally using a gamma camera, and the clearance rate is calcu lated. The clearance rate is determined by the slow passage through the tight epithelial intercellular junctions in the alveoli and peripheral airways. 18 The clearance rate is, therefore, believed to represent epithelial per meability; this hypothesis is widely accepted. 19 The test is simple, and the whole procedure takes only 15-20min. The method is highly sensitive to mild lung injury, such as smoking,18 and even to physiological changes in lung volume. 20 We also observed the increases in 99mTc -DTPA clearance in moderate injury of patients with interstitial lung diseases. 21 The high sensitivity, however, might obscure the degree of lung injury; for example, healthy smokers and patients with ARDS showed similar clearance values.22 If the high sensitivity was due to the size of the tracer molecule and if a tracer with adequate molecular size could be used, then the severer injury could be differentiated from the mild one. 23 Another approach to assessing the alveolar-capillary function is to estimate endothelial permeability using the tracer protein equilibration method which estimates the rate of tracer protein accumulation in the lung tissue across microvascular endothelium from plasma.17 Radio isotopic albumin or transferrin is administered intra venously, and external gamma counting over the chest makes it possible to analyze changes in pulmonary micro vascular permeability.6,24 Figure 1 shows the endothelial permeability represented as the transfer rate constant (% of mass flux per time) observed in patients with ARDS and cardiogenic pulmonary edema. The data clearly differentiated the two types of pulmonary edema. This method is noninvasive and sensitive, providing regional information. There is concern about repeat ability, errors caused by radioisotope-tracer dissociation and patient movement, the assumption of vascular vol ume during the measurement, and corrections for gamma ray absorption by the chest walls.15 In addition, one of the problems with this method is that a patient, although intubated and even mechanically-ventilated, must be transferred to an area where the use of a radioisotope is permitted under current Japanese regulations. A clinical test should be developed to directly measure the change in permeability or cellular injury. The test would then define the clinical spectrum of ALI more clearly, and help to diagnose patients earlier when they are at risk of developing ALI.
Biochemical diagnosis
At the onset of ALI, various mediators are released into the lungs and some leak into the peripheral circu lation. Figure 2 shows acute changes in mediator concen tration in pulmonary edema fluid as seen in a patient with re-expansion pulmonary edema who was observed chrono logically from the onset of the disease.25 Interleukin-8 (IL-8) and leukotriene B4 (LTB4) concentrations in edema fluid were increased in the very early phase of lung injury, and polymorphonuclear (PMN) elastase concentration subsequently increased. These increases subsided and the chest x-ray infiltration disappeared within 4 days. The changes also paralleled the increase in the number of PMNs in edema fluid and the degree of hypoxemia. Likewise the plasma concentrations of IL-8, PMN elastase, and the soluble form of P-selectin were elevated during the acute phase. These data suggest that the measurement of these mediators in bronchoalveolar lavage fluid (BALF) or peripheral blood may be a useful indicator of ALI.
In 1980, Hammerschmidt and co-workers26 reported that the presence of a leukocyte aggregant, C5a, in plasma predicted the subsequent onset of ARDS. They hypothesized that all risk factors, such as endotoxemia, trauma, and pancreatitis, for ARDS have the ability to activate intravascular complement which could induce intrapulmonary neutrophil aggregation and neutrophil mediated lung injury, resulting in ARDS. This hypothesis seemed to establish the definitive mechanisms of ARDS and to identify subjects who need therapeutic intervention early in the course of the disease. Studies conducted to confirm this hypothesis failed to do so. Weinberg et al27 found that complement activation is nonspecific in patients with sepsis syndrome and has no predictive value either at the onset or during the subsequent progression of ARDS. The reason for the discrepancy between these studies is not clear, but more recent studies are being conducted at more appropriate study settings and measure ments of C5a are more sensitive. Now it can be concluded that the complement component has no reliable predic tive value for recognizing patients with ARDS. 28 Currently, there is no single marker, whether bio chemical or physiological, to predict the onset, severity or outcome of ALI. However, it is possible that some marker may havvve predictive value in specific clinical settings. Fujishima et al29 found a positive correlation between the measured IL-8 concentration in BALF and the degree of hypoxemia in 7 patients with possible inhalation injury, suggesting that BALF IL-8 concen tration may predict lung injury. We also observed a case with ARDS in which BALF IL-8 concentrations were correlated with lung PMN accumulation and degree of lung injury.30 IL-8 concentrations in pulmonary edema fl uid was also elevated in a patient with re-expansion pulmonary edema as mentioned above (Fig 2) . When measuring the concentration of a mediator in BALF, it may be reasonable to show the high predictive value of a particular mediator by sampling from the center spot of inflammation. However, conducting bron chofiber scopy in critically ill patients with ALI is always risky and difficult. Therefore, we explored the signifi cance of blood biochemical mediators in 21 patients with ALI,4.5 by measuring PMN myeloperoxidase as a marker for neutrophil activation, thiobarbituric acid reactive material (TBARM) for lipid peroxidation of endothelial cell membrane,31 7S collagen for basement membrane damage,32 and the soluble form of P-selectin33 for the adhesive interaction between inflammatory cells and vas cular endothelium. Plasma concentrations of TBARM, 7S collagen, and P-selectin were elevated, correlating with acute lung injury score as proposed by Murray et al.1 As compared with patients who survived, those who were deceased had elevated levels of markers. For example, all plasma levels of P-selectin in the deceased patients were higher than those in the control group, indicating possible potential for the differentiation. As compared with ALI patients without complicated mul tiple organ failure (MOF), those with complicated MOF had elevated plasma concentration of 7S. The data suggest that plasma 7S collagen might be a specific indicator of pulmonary microvascular injury in ALI patients while they complicated systemic vascular damage in MOF. Needless to say, these findings should be confirmed in larger clinical studies. The classic approach for proving the neutrophil depen dence of lung injury is to deplete the animal of circulating neutrophils and observe the attenuation of ALI that occurs following administration of damaging stimuli. 37 The neutrophil depletion, however, does not always reduce lung injury. 38 The outcome is dependent on the types and routes of administration of stimuli in our experimental model of guinea pigs. As compared with control animals, neutrophil depleted guinea pigs had the attenuated lung injury after treatment with Escherichia coli (E. coli) endotoxin (lipopolysaccharide: LPS). 39 The lung injury was not attenuated when live E. coli was given intravenously (i.v.).40 When we administered LPS via the airways, neutropenia did not have a signifi cant attenuation effect on the injury.41 Furthermore, when we administered live Pseudomonas aeruginosa (P. aeruginosa) intratracheally (i.t.) to neurotropenic animals, we found that the responses were exacerbated implying that neutrophils are necessary to defend lungs from bacterial infection. This data suggests that neutro phils sometimes play a major role in producing ALI, but lung injury without neutrophils could be even more serious when challenged by live bacteria. 42 In these experiments, we modulated neutrophil num ber and function by pretreating animals with recombinant granulocyte colony-stimulating factor (rG-CSF). Again, the responses to LPS differed based on the route of administration of stimuli. In the rG-CSF pretreated animals, the injury was unexpectedly attenuated when LPS was given i.v.,39 although the number of circulating neutrophils was markedly increased. On the other hand , the injury was exacerbated during i.t. LPS. 41 The mech anisms of weakened response to i.v. LPS is unclear, but we found that neutrophils pretreated with rG-CSF were less adhesive to lung vasculature after i.v. LPS in vivo39 and that human neutrophils activated by rG-CSF sup pressed tumor necrosis factor (TNF)-release from mono cytes stimulated by LPS in vitro.43 This data could mean that modulating neutrophil function is a possible method for controlling ALI, although practical approaches have yet to be investigated. In addition, the lung responses to live P. aeruginosa were different depending on the amount of the bacterial cells instilled i.t. in neutrophilic animals . When the amount was small (104 colony forming unit [CFU]), the lung injury did not occur while a large amount (108 CFU) exacerbated the lung injury . 42 The results showed that a normal or increased number of neutrophils in peripheral circulation may be protective when infectious stimulus is mild, but excess neutrophils could be destructive when the stimulus is strong. It seems that neutrophils serve the key inflammatory role in both the defense against invading bacteria and the development of ALI.
Mononuclear phagocytes
The potential role for neutrophils and the resulting products in the pathogenesis of ALI has been well documented. 28, 35, 36, 38 On the other hand, ALI occurs in patients with severe neutropenia without pulmonary neutrophil infiltration. 44 The cause of ALI in these cases is unknown, but multiple humoral and cellular mechan isms may contribute to the onset. Among the cells in volved in ALI, macrophages in the pulmonary interstitium and alveolar spaces possess the same potentials for dam age as neutrophils. 45 They contain a variety of enzymes and can release oxygen metabolites. In addition, they can absorb enzymes released by other inflammatory cells such as PMN elastase and later release them at inflam matory sites. 46 Macrophages have been implicated in the process of damage associated with many acute and chronic lung diseases,45 and could be the cause of ALI in the absence of neutrophils.
In addition to their role in the mechanism directly causing ALI, macrophages and other mononuclear phago cytes can participate in the development of ALI indirectly by releasing mediators in both the lungs and the peripheral circulation. For example, alveolar macrophages are the fi rst cells to be activated by inflammatory stimuli to secrete cytokines like IL-1(3 and TNFa in aspiration pneumonia. Activated macrophages may injure the lung tissue directly in the area where the stimulus is added, but they can release these cytokines in the peripheral circulation to augment systemic cellular and humoral inflammatory responses, resulting in neutrophil accumu lation in the lungs and extensive lung injury. 47-49 Even when the insult occurs indirectly to the lungs as with sepsis syndrome, intravascular mononuclear phagocytes might play a significant role by triggering the inflamma tory cascade. We observed augmented lung injury induced by LPS when cells in the reticuloendothelial system were activated by phagocytozing latex particles.50 This data suggests that both alveolar macrophages and intravascular mononuclear phagocytes are important for generating lung inflammatory responses to the stimuli.
Priming leukocytes follows exposure of the cells to one stimulus even at very low doses, and enhancing of leukocyte function follows exposure to a second stimuli. Thus, priming macrophages can be another important mechanism for enhancing inflammatory injury mediated by neutrophils in many lung diseases. We found that alveolar macrophages are primed for IL-8 production in patients with idiopathic pulmonary fibrosis.51 Both pul monary macrophages and intravascular mononuclear phagocytes could be primed in the setting of ALI. The fi rst stimuli could be LPS, C5a, N-formylated peptides (FMLP), or platelet activating factor (PAF). All of these are detectable in both clinical and experimental lung injuries. The enhanced functions include generation of O 2; adhesion of cells; release of lysosomal enzymes, arachidonate metabolites and PAF; phagocytic and bac tericidal capacities; and injury to target cells. Most, but not all, of these secondary responses are neutrophil dependent. 52 We primed leukocytes by Bacillus Calmette Guerin (BCG) at 10 days before the i.v. LPS, the second stimulus, in normal and neutropenic guinea pigs, and found that neutrophil depletion did not attenuate LPS induced ALI. The exact mechanism of this response remains unclear, however, plasma TNF levels in BCG -primed neutropenic guinea pigs were higher than those in non-primed animals, suggesting that more cytokine was released from mononuclear cells and caused ALI. Increased TNF production in primed animals was also observed in the BALF and plasma of the i.t. LPS induced guinea pigs.53 All this data would imply the non negligible role of mononuclear phagocytes in producing ALI.
Therapeutic consideration
Despite recent advances in the understanding of cellular and humoral mechanisms of ALI, there is no specific agent for controlling lung inflammation and permeability, clinically. Corticosteroids have been the only therapeutic option, but were proven to be ineffective in prospective multicenter trials conducted in the US.54 They do not prevent the development of ARDS, hasten its reversal, affect its fatality rate, or improve respiratory function. Furthermore, Bone et al55 reported that corticosteroids may be harmful to patients with elevated creatinine levels. Thus, it appears that corticosteroids should not be given to patients with ARDS, ALI, or sepsis syndrome. In actual settings of clinical practice, however, the etio logies could not be determined in many patients present ing diffuse pulmonary infiltrates and acute respiratory failure. Among these, bronchiolitis obliterance with organizing pneumonia (BOOP), acute eosinophilic pneu monia and drug-induced lung diseases are involved, and significant proportion of these patients may respond to corticosteroids. The practical implication of these in stances might indicate the use of corticosteroids in patients with diffuse pulmonary infiltrates of unknown etiologies. But the diagnosis is once established as being ALI and ARDS, I believe that we should not use corticosteroids. Many other drugs believed to block or limit inflammatory cascade have been tested both experimentally and clini cally.54, 56 We have found that some agents are effective in animal studies,57-61 but their clinical value remains to be seen.
The reasons for the slow progress in finding adequate pharmaceuticals to control ALI and the discrepancy between the results in human ALI and those in animal models are; 1) the clinical spectrum of ALI is poorly defined, and the central inflammatory process remains unclear, resulting in the heterogeneity of the syndrome and blurring of the target of pharmacological inter ventions, and 2) an adequate animal model which is more comparable to persistant human ALI is unavailable while most reported animal studies were performed in acute experiment using either one or only a few stimuli. Therapeutically speaking, we are not even sure that we could successfully manage patients with ALI if we treat them early. Past experience has demonstrated that treat ment with a single agent is unlikely to change the fatality rate. Rather, successful treatment may require multiple agents to block and modulate the spectrum of the inflam matory cascade in ALI.
Further improvements in the management and care of patients with ALI and ARDS will require a better under standing of the pathogenic mechanisms leading to mor bidity and mortality of this syndrome. Studying ALI includes the understanding of both the vast number of cells and their products in the lungs and their potential interactions. It is likely that many synergistic actions, like priming, are of clinical importance. The interruption of the pathogenetic sequence at multiple points is our best hope of reducing the continuing high mortality from this serious syndrome.
